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A B S T R A C T
Procambarus clarkii is an important invasive freshwater species whose ecological plasticity allows for its estab-
lishment in different kinds of environments; such plasticity is also reflected in its diet with two main con-
sequences: invasion success and impact on native biota. In order to investigate P. clarkii’s feeding habits, examine
how its diet varies both seasonally and among different demographic groups (reproductive males, non-re-
productive males and females) and explore the two consequences mentioned above, we investigated the trophic
role of this species in an Atlantic Forest conservation area in the city of São Paulo (Brazil). A total of 540
specimens collected monthly over a year were measured and weighed. Their stomachs were weighed and
classified according to the degree of stomach fullness. Stomach contents were examined, and animal and plant
matter weighed. Food items were identified to the lowest possible taxonomic level and the percentage of oc-
currence of each item was calculated, as well as the diet diversity. Collected data were compared according to
seasons and demographic groups through the Analysis of Similarity and Similarity Percentage Analysis. The
percentage of animal weight attributed to stomach weight and the degree of fullness of stomachs did not vary
significantly among seasons; however, non-reproductive males had significantly less full stomachs. Diet com-
position was evenly balanced between plant and animal material for both reproductive males and females, while
non-reproductive males consumed a lower proportion of animal matter. The diversity in diet composition was
high in all seasons and for all demographic groups, although always slightly lower for non-reproductive males.
The percentage of occurrence of food items evidenced high consumption of algae and macrophytes throughout
the year. It also reflected the seasonal variation of consumed prey, with a shift in consumption of insects and
microcrustaceans in spring and summer to decapods and amphibians in fall and winter. The dissimilarity in diet
composition was more pronounced among demographic groups than among seasons, being non-reproductive
males the most different, with higher ingesting of less evasive prey. Nonetheless, winter differed from other
seasons and was the season with least different food composition among demographic groups, indicating a
homogenization in diet composition, which might be due to restricted availability of resources. Procambarus
clarkii at Jaraguá State Park demonstrated conspicuous dietary variability and flexibility. The occurrence of filled
stomachs indicates that food resources are not a constriction for this population. The species presented a di-
versified and adaptable diet, foraging on algae and macrophytes, and preying on different vertebrate and in-
vertebrate taxa. Its trophic plasticity favors successful establishment in invaded areas and summed to its notable
voracity, P. clarkii offers a wide, variable and significant interaction in food webs, being able to generate major
impacts on native species by its feeding habits.
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1. Introduction
The red swamp crayfish Procambarus clarkii Girard, 1852 is native to
North America (Central Southern United States and Northeastern
Mexico) and is an invasive species in four continents; this freshwater
species is appreciated in culinary circles and in the pet trade (Gherardi
et al., 2011; Loureiro et al., 2015a). Its economic importance is the
main reason it has become widespread worldwide (Hobbs and Lodge,
2010; Hänfling et al., 2011). Many ecological characteristics contribute
to its establishment success in distinct environments, ranging from its
diverse feeding strategies to its capability of adjusting reproductive
strategy, aggressiveness and burrowing behavior, according to en-
vironmental characteristics (Gutiérrez-Yurrita et al., 1999; Alcorlo
et al., 2004; Gherardi, 2006; Loureiro et al., 2015a). Moreover, males of
this species can alternate between two different morphotypes: 1- re-
productive males (RM) that are distinguished by the presence of hooks
on the ischia of the 3rd and 4th pereiopods and a more calcified copu-
latory organs (also referred as Type I Males); and 2- non-reproductive
males (NRM) that are recognized by the absence of the aforementioned
hooks (also referred as Type II Males) (Taketomi et al., 1990; Henttonen
and Huner, 1999; Loureiro et al., 2015a). Males can alternate between
morphotypes within their lifetime, even after reaching sexual maturity.
This means an RM can become an NRM and then switch back to an RM
(Taketomi et al., 1990).
Impacts associated to P. clarkii‘s establishment are diverse, but
mostly related to predation, competition and transmission of diseases
(Dorn and Wojdak, 2004; Rodríguez et al., 2005; Gherardi and
Acquistapace, 2007; Longshaw, 2011). Focusing on predation con-
sequences, feeding interactions may have ubiquitous effects on species
richness, and ecosystem productivity and stability (Ricklefs, 2008).
Indeed, crayfish species are known to induce profound changes in
ecosystem organization and functioning, since they are considered key
species that are able to control energy flow in invaded environments
(Olsen et al., 1991; Momot, 1995; Souty-Grosset et al., 2016).
In addition to the association between foraging ecology and impact,
diet is also related to invasion successes and severity (Zhang et al.,
2010). The capability of crayfish to reach high densities is correlated to
two main aspects: the great adjustability of their metabolic system by
using energy from different food sources (animal and plant) (Musgrove,
1988) and the polytrophic feeding behavior that confers them a great
feeding plasticity, by interchanging among detritivory, herbivory and
carnivory (Momot, 1995). Procambarus clarkii is known to feed on plant
and animal detritus, macrophytes and a variety of live animals such as
molluscs, insects, annelids, nematodes, platyhelminthes, tadpoles,
frogs, juvenile fish and other crustaceans (Gutiérrez-Yurrita et al.,
1998a; Parkyn et al., 2001; Correia, 2002; Alcorlo et al., 2004; Cruz and
Rebelo, 2005; Banci et al., 2013). Furthermore, understanding seasonal
and intrapopulation variations of feeding strategies and identifying
Fig. 1. A. Map of Brazil with the region that corresponds to the Atlantic Forest hatched in gray. The States which comprise the Southeast region are delimited by a
black line, and the star indicates the location of the study area. B. Hydrography of a partial area of the State of São and the area of the City of São Paulo (hatched in
black). The star indicates the Jaraguá State Park. C. Schematic map of Jaraguá State Park, evidencing the freshwater bodies from the park and the lake where this
study was carried out (black arrow). This schematic figure also shows the urbanized area and the greenspace around the park.
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periods of food scarcity may allow population management through
intensive population control during these periods. Identifying this
period of higher susceptibility may improve the effects of population
control as well as reduce investment of money and labor.
In Brazil, seventeen invasive locations are presently known, all in
the state of São Paulo (Banci et al., 2013; Loureiro et al., 2015b), and
few studies have accounted for the ecology and/or impacts of P. clarkii
in Brazilian environments. Since this species presents great ecological
plasticity and capability to change and adapt its ecological traits to
different types of habitats (Alcorlo et al., 2004; Loureiro et al., 2015a),
investigating P. clarkii’s feeding ecology in Brazil is of utmost im-
portance to design specific management strategies. Hence, this study
intends to complement studies from other locations regarding feeding
ecology and diet of the red swamp crayfish in a natural habitat by in-
vestigating feeding behavior and seasonal variation, and relating these
aspects to the potential harm posed by P. clarkii’s establishment. We
also aim to identify whether or not a specific demographic group is
under greater pressure and the period in which these animals are most
vulnerable in order to suggest when population control efforts should
be focused.
2. Material and methods
2.1. Study site and field work
Procambarus clarkii individuals were collected monthly, from
December 2013 to November 2014, from a 1,058- m² natural eutrophic
pond (1,058-m²), located in Jaraguá State Park (JSP), an Atlantic Forest
conservation area in the state of São Paulo, Brazil (23°27′49.47″S -
46°45′17.86″ W) (Fig. 1). The park has an area of 4.93 km² and the
average altitude is 900m (range of 735 m – 1,125m). The climate is CfB
type (Temperate Oceanic Climate), according to Köppen’s classification
(1948), with an annual average temperature of 20 °C and total annual
precipitation of 1500 mm – 1600mm (Roque et al., 2003).
Animals were captured with the aid of baited traps set underwater
late in the afternoon and removed the following morning. The traps
were placed by the lakes’ margins, two to three meters apart. To attract
crayfish to the traps, we filled tubular canisters with dry fish-flavored
cat food. The bait canisters had very small perforations to liberate the
scent without releasing food pieces that were placed in the inner top of
the trap, out of reach of the crayfish.
Fig. 2. Removed stomach of Procambarus clarkii. A. Lateral view showing the two portions: Cardiac stomach (cs) and Pyloric stomach (ps). B. Ventral view of the
stomach showing the internal gastric mill and its teeth. ps- pyloric stomach, mt- median tooth and lt- lateral teeth. C. Schematic illustration of the gastric mill
showing the teeth and ossicles in detail. mp- median plate, uo- urocardiac ossicle and zo- zygocardiac ossicle. Scale bar: A: 1 cm; B and C: 5mm.
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2.2. Laboratory and statistical analyses
To avoid contamination by Aphanomyces astaci, all material used to
manipulate individuals and samples were carefully disinfected with
sodium hypochlorite (Buller, 2008). A total of 15 adult reproductive
males (RM), 15 adult non-reproductive males (NRM) and 15 adult fe-
males (F) were selected from each monthly sample. Only intermolt
individuals, without apparent injuries and non-gravid females were
selected for analysis to reduce physiological and ecological variation
associated to molt cycle and reproduction. Sex determination was based
on the location of genital pores, presence of the annulus ventralis in
females and modification of the first and second pair of pleopods on
males, which forms a copulatory organ (Sukô, 1953; Huner, 1981;
Holdich and Lowery, 1988). The two morphotypes of males were vi-
sually distinguished by the presence of hooks on the ischia of the 3rd
and 4th pereiopods in RM and its lack in NRM (Taketomi et al., 1990;
Henttonen and Huner, 1999).
2.2.1. Morphometric data
Collected individuals were fixed in 10% formalin and taken to the
laboratory. Each specimen was washed to remove the formalin and the
excess of water was removed by gently shaking the individual. Each
specimen was weighed to the nearest 0.1 g (total body wet weight -
TBWW) on a digital balance (Ohaus AR 2140) and measured with a
digital caliper, from the internal margin of the ocular orbit to the distal
margin of the cephalothorax (postorbital carapace length - POCL).
Animal length was tested for normality in each demographic group
(RM, NRM and F) and compared with Kruskal-Wallis test.
Length–weight relationships were evaluated using Pearson regression
analysis for RM, NRM and F, and compared by analysis of covariance
(ANCOVA).
2.2.2. Stomach content preparation
Cardiac and Pyloric stomachs (Fig. 2A) were excised and weighed.
The stomach’s wet weight and the total wet weight (TBWW) of the
respective individual were used for calculation of the percentage of
weight relative to the stomach (PEPA) of each animal. Excised stomachs
were classified according to the relative degree of fullness (SDF) ac-
cording to Collins and Paggi (1997), and visually ranked according to
filling proportion: 0 (empty stomach), 1 (0.1–20%), 2 (20.1–40%), 3
(40.1–60%), 4 (60.1–80%) and 5 (80.1–100%) (Griffen et al., 2012).
2.2.3. Diet composition
In order to compare the consumption of animal and plant materials,
the stomach contents of each individual were removed, wet weighed
and stained with 0.5–1mL of 0.03M Eosin B (Conn, 1961;
Sanguanruang, 1988). Animal material, tainted in red, was separated
from unstained plant material, and weighed separately to measure re-
lative contribution to total stomach content wet weight. To allow fur-
ther analysis, 5% formalin was used to discolor samples.
Proportion of animal/plant matter consumption was compared
among demographic groups and seasons using a mixed linear model,
with the collection month as a nested random variable within season.
Least significant difference (LSD) was used as post hoc test. Since there
was no significant influence of the month within season in this analysis
(Wald-Z 1.89; p=0.059), months were a non-significant random ef-
fect, and data were grouped in seasons from this point on, i.e., spring
(September, October, November), summer (December, January,
February), fall (March, April, May) and winter (June, July, August).
Stomach content items were identified to the lowest taxonomic level
possible, using specific literature. Item identification was performed
using a stereoscopic microscope (Nikon SMZ800 and LEICA ZZ4) and a
compound microscope (Olympus CX31) when necessary. Diet compo-
sition from RM, NRM and F was investigated by calculating the per-
centage of occurrence (POO) of the different food groups, which is the
number of occurrences of each item (i) divided by the total of analyzed
stomachs (multiplied by 100) (Williams, 1981; Haefner, 1990; Santos
et al., 2008). Hence, POO indicates how often each food group was
found in P. clarkii’s stomachs. This approach provides information re-
garding presence/absence and frequency of items in stomachs but
doesn’t inform in what quantities these items are present. No quanti-
tative or volumetric assessment was performed in this study since these
methods may distort the results. Distorting may be caused by different
chemical composition and digestibility of each consumed item (Araújo
et al., 2010).
2.2.4. Statistical analyses
Diversity of diet composition and the degree of specialization of
different demographic groups in each season were assessed using
Shannon-Wiener diversity index, following Magurran (1988). Differ-
ence in composition among demographic groups and seasons was ver-
ified by analysis of similarity (ANOSIM) while specific items re-
sponsible for dissimilarity among demographic groups were identified
by similarity percentage analysis (SIMPER), both using Bray-Curtis
dissimilarity and 9999 permutations (Clarke, 1993). For this, the
number of individuals within demographic groups and/or seasons with
the respective item in the stomach was used as abundance data.
Therefore, the results from these analyses reflect the number of animals
that consumed that particular item, rather than the amount of that item
consumed by each animal. No data transformation or standardization
was needed since the number of individuals in each group was constant.
ANOSIM and SIMPER were also used to see differences among demo-
graphic groups in each season individually. K-mean cluster analysis was
also used to separate demographic groups for each season into four
groups, in order to help interpretation of diet composition analyses.
Prior to analyses, variances of data were checked for normality and
homogeneity. Data were compared among seasons and/or demographic
groups (RM, NRM and F) using Welch correction when normal data
presented non-homogeneous variances, and equivalent non-parametric
test when data was not normally distributed. Univariate statistical
analyses were executed using SPSS software (version 22, IBM) and
multivariate analysis (diet composition) were conducted on PAST 3.20
software (Hammer et al., 2001). For all analyses, differences were
considered significant when p-values were lower than 0.05.
3. Results and discussion
3.1. Morphometry
In total, 540 animals (180 RM, 180 NRM and 180 F) were measured,
weighed, and had their stomach content analyzed. The mean POCL and
TBWW were 30.72mm and 14.86 g for RM, 23.50mm and 13.06 g for
NRM and 26.75mm, and 14.59 g for F (Fig. 3A, B). Measurement data
were normally distributed and with low skewness for RM (0.01) and
NRM (0.06), but not for F (-0.47). The low frequency of large females
captured in this study (right-skewed histogram) may be explained by
their sheltering behavior during breeding and offspring care, which is
likely the reason why only few females with eggs or juveniles on the
abdomen were captured in this (6.67%) and previous studies (Gherardi,
2001; Loureiro et al., 2015a). Future studies should include skewness
data of female size to further support this hypothesis and to explain the
lack/low number of captured ovigerous females.
The size of individuals evaluated in this study was unexpectedly
smaller than those recorded in the literature (Gutiérrez-Yurrita and
Montes, 1998b; Dörr et al., 2006; Chucholl, 2011). Huner and Romaire
(1978) associated body size and environmental quality based on the
observation that P. clarkii’s populations from degraded environments
tend to have smaller individuals. Dörr et al. (2006) suggested that in-
dividuals reach greater body lengths in colder environments while
smaller sizes are expected in warmer ecosystems. The low values of
POCL and TBWW found in this study might be a combination of both
hypotheses. First, the lake from this study receives water from a
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polluted river that drains a substantial urban area, even though it is
inside a conservation area (Fig. 1). Second, the Park is located in a
tropical region of Brazil (annual average temperature of 20 °C and an-
nual precipitation of 1500 mm – 1600mm according to Roque et al.
(2003) unlike most invasive populations studied so far, which appear in
colder temperate areas of Europe.
Another important aspect to consider is the phenomenon of sexual
precocity in this species, which is associated with the occurrence of
individuals with small sizes, lower growth rates and decreased survival
due to genetic and environmental factors (Tan et al., 2017). In fact, the
weight and size of individuals from JSP are within the same size in-
tervals of individuals classified as precocious by Tan et al. (2017).
The length-weight relationship presented a significant positive as-
sociation within demographic group (RM: F=591.8, p < 0.001,
R2=0.77; NRM: F= 1791.5, p < 0.001, R2= 0.91; F: F= 968.3,
p < 0.001, R2=0.85), as well as in the samples as a whole
(F= 2611.5, p < 0.001, R2=0.85) (Fig. 4). The length–weight re-
gressions for RM, NRM and F did not differ (p > 0.05). This result was
unexpected since difference in weight increment with size on crayfish is
usually related to sex, sexual stage and/or ecological conditions
(Lindqvist and Lahti, 1983; Mazlum et al., 2007; Wang et al., 2011).
Fig. 3. Morphometric data of Procambarus clarkii in Southeastern Brazil. A. Box plot describing the size (POCL- post orbital carapace length) of reproductive males
(RM), non-reproductive males (NRM) and females (F). B. Box plot describing the weight (TBWW- total body wet weight) of reproductive males (RM), non-re-
productive males (NRM) and females (F).
Fig. 4. Length–weight regression for Procambarus clarkii in Southeast Brazil,
regression equation and coefficient of determination (R-squared). POCL- post-
orbital carapace length, TBWW- total body wet weight.
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Despite the lack of difference in slope (Fig. 4), there was a significant
difference in POCL (H=117.39, p < 0.001) among demographic
groups (p < 0.001) (Fig. 3A), which means that the length-weight
relationship follows the same proportion for F, RM and NRM in this
population, despite the difference in mean size of each demographic
group (POCL).
3.2. Stomach content (SDF and PEPA)
The majority of animals had full stomachs. Most individuals (55%)
had high relative degree of fullness (categories 4 and 5) in all demo-
graphic groups and seasons. Indeed, no empty stomach (SDF category
0) was observed throughout the entire study (Table 1). Very few were
classified in the categories 1 and 2. Stomachs in the category 1 were
present only during spring in all demographic groups, and category 2
stomachs occurred in all seasons and demographic groups, however in
low frequency (Fig. 5). In fact, despite the prevalence of high SDF ca-
tegories during the entire year, stomachs were proportionally less full in
colder weathers (Fig. S1). A higher amount of full stomachs in summer
and spring is in agreement with the hypothesis from Seals et al. (1997),
who demonstrated that crayfish might eat more in higher temperatures.
The SDF differed significantly among demographic groups, but not
seasons (Fig. S1). When comparing all seasons together, NRM presented
significantly less full stomachs (H=20.65; p < 0.001) than both RM
(p=0.004) and F (p < 0.001). When analyzing each season in-
dividually, winter exhibited the same pattern (H=6.63; p=0.036) of
lower values for NRM in comparison to both RM (p=0.023) and F
(p=0.029), although adjusted p-values were not significant
(p=0.068 and p= 0.087, respectively). In summer, such difference
(H=10.98; p=0.004) was only observed between NRM and F
(p=0.003). No significant difference was observed among demo-
graphic groups during fall (H=4.80; p=0.091) or spring (H=2.06;
p=0.36). The SDF category with highest frequency of occurrence was
category 4, for RM and NRM, and 5 for F, with slight variation among
seasons (Fig. 5, Fig. S1). The higher prevalence of full stomachs in fe-
males (Fig. 6) is most likely due to the high requirement for nutritional
resources associated with reproduction, which includes egg investment
production, maintenance of brooded eggs and juveniles, and the long
starvation period during brood care in burrows (Cannicci et al., 1996).
PEPA values did not present significant variation among seasons or
demographic groups (Table 2). Nonetheless, NRM presented marginally
significant lower PEPA values in all seasons, except winter (Table 2).
Both PEPA and SDF analyses indicated that there is no strong sea-
sonal influence on individual’s quantitative ingestion, and stomachs are
surprisingly full the entire year (Fig. S1). At JSP, P. clarkii encounters
continuous availability and therefore consumption of different re-
sources, and there is no particular season in which population faces
important foraging challenges.
3.3. Diet composition and omnivorous behavior
All animals had both animal and plant matter in their stomachs. We
observed a significant effect of demographic group (F1,525= 22.84,
p < 0.001), but not from season (F3,8= 0.431, p=0.737) regarding
the consumed proportion. Since the usage of plant and animal sources
was around 50% for RM and F (Fig. 7) with no seasonal variation, the
degree of herbivory and carnivory seems to be balanced throughout the
year, corroborating the classification of P. clarkii as an omnivorous
species (Chucholl, 2013; Carvalho et al., 2016). Regarding demographic
groups, NRM consumed significantly lower amounts of animal matter
than both RM (p < 0.001) and F (p < 0.001) in all seasons except in
winter, when lower consumption of animal material was observed in all
demographic groups. NRM had around 40% of animal material in their
stomachs in all seasons, being this the lowest rate of animal ingestion in
the spring (36%) (Fig. 7).
Previous studies regarding P. clarkii’s foraging behavior in their
native range, classified this species as predominantly herbivorous
(Penn, 1943; Avault et al., 1983). In fact, crayfish in general had been
considered mainly herbivores and detritivores for decades (Webster and
Patten, 1979; Huryn and Wallace, 1987). This feeding classification has
been revisited based on studies that pointed out a great contribution of
animal matter as energy source (Hobbs, 1993; Momot, 1995; Gutiérrez-
Yurrita et al., 1998a). Although there is still controversy, most authors
currently classify freshwater crayfish as omnivorous with a preference
for animal food sources (Capelli, 1975; Ilhéu and Bernardo, 1993),
switching to herbivory or detritivory when predation efficiency is low.
Few authors argue that a shift from carnivory in juveniles to herbivory
in adults is ontogenetically derived (Olsen et al., 1991; Ilhéu and
Bernardo, 1993; Correia and Anastácio, 2008).
Clearly, there are some dietary requirements for protein, carbohy-
drate, lipids, sterols, fatty acids, phosphoglycerates, carotenoids and
others, but we believe that most attention should be paid to the op-
portunistic behavior exhibited by P. clarkii, which will be reflected in
different feeding habits on different types of environments.
3.4. Diet diversity, composition and generalist feeding behavior
Shannon-Wiener diversity index of diet composition varied from 2.3
to 2.6 (Table 3). Although values did not differ considerably, they were
lower for NRM in all seasons, except winter, that is also when the lowest
index variation among demographic groups was observed. This in-
dicates that all demographic groups present an assorted diet in all
seasons, further supporting the generalist feeding habits. Though al-
ways diverse, specific food composition can vary among demographic
groups or seasons.
Materials identified in stomachs were categorized as detritus, sedi-
ment grains, animal matter and plant matter; all categories are present
in all demographic groups and seasons (Table 4, Fig. S2). Detritus was
found in more than 50% of stomachs in all seasons and demographic
groups. This prominent percentage of occurrence is most likely related
Table 1
Percentage of Procambarus clarkii individuals from Southeast Brazil according to stomach degree of fullness (SDF) category. Data are separated by demographic group
(RM, NRM and F) and season. SDF categories are according to the stomach filling proportion: 0-empty stomach, 1- 0.1 to 20%, 2- 20.1 to 40%, 3- 40.1 to 60%, 4- 60.1
to 80% and 5–80.1-100%. RM- reproductive male, NRM- non-reproductive male and F- female.
Spring Summer Fall Winter
SDF RM (%) NRM (%) F (%) RM (%) NRM (%) F (%) RM (%) NRM (%) F (%) RM (%) NRM (%) F (%)
0 0 0 0 0 0 0 0 0 0 0 0 0
1 4.4 2.2 2.2 0 0 0 0 0 0 0 0 0
2 8.9 11.1 13.3 4.4 6.7 2.2 0 6.7 6.7 11.1 11.1 4.4
3 17.8 22.2 17.8 17.8 31.1 13.3 26.7 31.1 15.6 31.1 31.1 22.2
4 26.7 40 20 46.7 42.2 33.3 46.7 44.4 40 33.3 33.3 28.9
5 42.2 24.4 46.7 31.1 20 51.1 26.7 17.8 37.8 24.4 24.4 44.4
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to the occurrence of semi-digested items that were unrecognizable, thus
classified as detritus. As it is impossible to separate this semi-digested
material from the ingestion of decaying matter, this food item was
excluded from the diet composition analysis.
Frequency of occurrence of sediment grains was lowest in spring for
all demographic groups, and in summer for RM (Fig. S2, S4). Higher
prevalence of sediment grains in stomachs was expected in summer
since higher temperatures tend to increase burrowing activity (Ilhéu
et al., 2003; Gherardi, 2006), but instead, it was observed in fall and
winter in this study. Sediment can be ingested unintentionally, adhered
to macrophytes or prey, but the high percentage of occurrence (Table 4)
indicates intentional sediment consumption. Sediment contains a great
diversity of associated microfauna, e.g. Ostracoda and Oligochaeta,
which are consumed by macrocrustaceans (Wear and Haddon, 1987;
Branco and Verani, 1997). Thus, associated fauna are frequently con-
sumed along with the ingestion of substrate. Additionally, sediment
grains might be deliberately ingested to enhance food maceration and
digestion efficiency in the gastric mill (Fig. 2B, C) (Suthers, 1984; Lima
et al., 2016).
Plant matter was classified in two groups: algae and macrophyte.
The latter was the predominant source of plant material for all demo-
graphic groups and seasons (POO > 75%, Table 4, Fig. S2, S3 and S4).
The frequency of algae in stomachs was lower in summer and winter for
all demographic groups (Fig. S4), and also for F in spring (Fig. S3). In
the winter, the lower intake of algae might be related to the lower
availability of this item as abundance is positively related to water
temperature and light incidence (Zagatto et al., 1997). An expected
high POO of algae was not observed in summer and spring samples,
possibly due to a greater abundance of other food items. Nonetheless,
both were consumed all year. Although algae were considered a nu-
trition-poor food source for many decades, some species have been
recently considered a high‐quality food source due to their high
Fig. 5. Histogram of the number of Procambarus clarkii individuals for each stomach degree of fullness (SDF) category (0- empty to 5-full) in Southeast Brazil. Data
are grouped by season but separated among demographic groups (F- female, NRM- non-reproductive males and RM- reproductive males).
Fig. 6. Percentage of individuals with full stomachs (SDF- stomach degree of
fullness- in the category 5) in each season. Females- continuous line, re-
productive males- dotted line and non-reproductive males- dashed line.
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concentrations of polyunsaturated fatty acids (PUFA) (Brett and
Müller‐Navarra, 1997). These fatty acids are able to support re-
production and high growth rates of consumers, as demonstrated by
Müller-Navarra et al. (2000), reason that justifies the presence of algae
in stomachs. Despite the lower nutritional importance of plant material
due to its high C:N ratio, algae and macrophytes are substrates for
microfauna (e.g. microinvertebrates and periphyton) so that their joint
consumption enhances the overall nutritional value of these plant
sources (Goddard, 1988; Momot, 1995). Furthermore, a marine algae
species has been shown to impact immune parameters of the consumer
(Cipriano-Maack et al., 2017), so the consumption of algae might be
related to other parameters than nutrition.
Animal matter contained insects’ larvae (Diptera, Ephemeroptera,
Coleoptera and Trichoptera), crustaceans (Ostracoda, Cladocera,
Amphipoda, Copepoda and Decapoda), molluscs, amphibians and fish.
All demographic groups consumed insects in higher frequencies in
spring and summer (Fig. S2, S4). Lower rates of insect ingestion oc-
curred in winter (Table 4, Fig. S4) as expected considering their re-
production traits and population dynamics (Dijkstra et al., 2014).
Diptera was the most represented insect food item, comprising the
highest POO within insects in all seasons (Fig. S4). Coleoptera was more
frequently consumed in summer, especially by RM and F (Fig. S3). The
POO of Ephemeroptera and Trichoptera larvae in stomachs was low,
especially in winter (Fig. S4). Usually, the presence of these immature
insects is positively associated to good quality of water bodies and high
concentration of dissolved oxygen (Costa et al., 2006), which does not
seem to be the case for the lake and associated river at JSP. Therefore, it
was surprising to find these insects in P. clarkii’s stomachs.
Regarding crustaceans, the most frequent taxonomic groups in the
analyzed stomachs were microcrustaceans (Ostracoda, Cladocera and
Copepoda). These three groups occurred in 11–35% of inspected sto-
machs, with highest frequencies during fall. Spring was the season with
highest frequency of microcrustaceans in samples, the same season in
which we observed the highest POO of macrophytes (Fig. S4), sug-
gesting that ostracods, cladocerans and copepods were likely ingested
along with macrophytes, in an indirect and non-selective matter.
Amphipods were also a considerable food source, found in 29–53% of
stomachs, with lower frequencies in spring and summer (Fig. S4).
Unlike microcrustaceans, these mesocrustaceans are a high mobility
and evasive prey that are likely eaten intentionally.
Larger crustaceans classified as decapods included juvenile aeglids
(Aeglidae), freshwater crabs from the family Trichodactylidae, as well
as some juveniles of P. clarkii, indicating the occurrence of cannibalism
in this population. Cannibalism is well documented in populations of
red swamp crayfish, in up to 20% of adult individuals (Gutiérrez-
Yurrita et al., 1998a). However, the incidence of this behavior is usually
associated with high densities and insufficient food resources (O’Neill
et al., 1995; Wang et al., 2014). Nevertheless, the high frequency of full
stomachs (Section 3.2) does not suggest food scarcity. The POO of
decapods in stomachs was lower than that of the other crustaceans in all
seasons but winter, when their POO more than doubled (Table 4, Fig.
S4). No decapod crustaceans were found in NRM stomachs in spring
and summer (Fig. S3). During fall and winter however, NRM had a
consumption rate of decapods similar to that of RM and F, most likely
due to lower availability of other non-evasive preys (Table 4).
Table 2
Percentage of the stomach weight of Procambarus clarkii from Southeast Brazil of different demographic groups (RM, NRM and F), in relation to animal total body
weight (PEPA). Values are mean, standard deviation (STD), maximum (Max) and minimum (Min) PEPA separated by demographic group (RM, NRM and F) and
season. RM- reproductive male, NRM- non-reproductive male and F- female.
Spring Summer Fall Winter
RM (%) NRM (%) F (%) RM (%) NRM (%) F (%) RM (%) NRM (%) F (%) RM (%) NRM (%) F (%)
Mean 5.2 4.8 5.1 5.2 4.9 5.1 5 4.8 5.1 5.1 4.7 4.9
STD 0.5 0.5 0.5 0.6 0.4 0.5 0.4 0.3 0.5 0.4 0.5 0.5
Máx 7 5.5 5.9 5.9 5.8 6 6 5.6 6.1 6 6 5.9
Min 3.8 3.3 3.6 3.2 4.2 4 4.3 4 4 4.3 3.7 3.9
Fig. 7. Proportion of animal matter (AM) consumed by females (continuous line), reproductive males (dotted line) and non-reproductive males (dashed line) of
Procambarus clarkii in Southeast Brazil by season.
Table 3
Shannon-Winner diversity index of food item composition from the stomach of
Procambarus clarkii from Southeast Brazil, in different seasons and demographic
groups. RM – reproductive males, NRM – non-reproductive males, F – females.
Demographic Group
RM NRM F
Spring 2.51 2.44 2.56
Summer 2.61 2.32 2.55
Fall 2.60 2.46 2.50
Winter 2.54 2.46 2.44
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Most molluscs found were bivalves, along with a few gastropod
species. Nonetheless, the contribution of molluscs to diet might have
been underestimated since their soft bodies are easily digested. This
makes identification difficult, so part of these animals was likely in-
cluded in the category detritus. Despite being less frequent in stomachs
than other animal food items, their POO was higher in fall and winter
and, as the POO of decapod crustaceans, the increase in their con-
sumption might have been a response to the decrease in abundance of
other food items (Fig. S4).
Amphibians identified in stomachs of P. clarkii at the JSP were
mainly tadpole body parts, but the red swamp crayfish is known to feed
on adult anurans as well (Banci et al., 2013). RM and F preyed on
amphibians in all seasons. The POO of these preys was relatively low
when compared to other food items, and the highest occurrence in
stomachs was in winter, which was the only season when NRM ingested
this food resource (Table 4, Fig. S3).
Fish consumption was identified by the presence of eggs, scales and
bones, and was especially high in RM and F during spring and summer.
The access to this food item was lower for NRM, with higher frequency
in winter, when the POO of fish in RM’s and F’s stomachs decreased
(Fig. S4). The lower competition for fish by these two reproductive
groups might explain the observed increased fish predation by NRM.
Alcorlo et al (2004) observed a marked seasonal pattern in P. clarkii
with a significantly higher consumption of animal prey in spring in
comparison to winter, and a positive selection of insect larvae (mayflies
and chironomids), snails and microcrustaceans (except ostracods). We
have obtained similar results regarding animal item composition in
different seasons, although known food sources such as oligochaetes
were not found in this study, probably due to the difficulty of detecting
soft skin animals in stomach contents. Both the proportion of animal-
plant matter (Section 3.3) and POO of food items in stomachs (Section
3.4) verified in this study indicates that P. clarkii at JSP feeds on animal
and plant sources in equivalent frequencies. Macrophytes are the main
plant source while crustaceans are the main animal source. The diverse
diet composition allows for the classification of P. clarkii as a selective
generalist species whose foraging behavior can change among demo-
graphic groups or seasons, depending on availability of resources.
Encounter rate is one of the most important determinants of crayfish
predatory selectivity (Nyström, 2002), and it is positively related to
prey abundance. Seasonal variations in diet can be related to differ-
ences on availability of resources (animal and/or plants) so that
consumers with a versatile diet can shift to a distinct and more abun-
dant food item when a specific item becomes scarce. This phenomenon
can be observed in this study when focusing in the seasonal POO of
specific food items; insects and microcrustaceans, for example, were
consumed by P. clarkii in higher frequencies during spring and summer
and a great decrease in consumption was observed in fall and winter
(Table 4). Along with this decrease, we could also observe an increase
in other animal food sources such as decapods, molluscs and amphibian
(Table 4), indicating a compensation of animal matter intake. Ad-
ditionally, abundance of prey does not seem to be the only aspect
guiding prey selection; a switch from less evasive preys (i.e., insects and
microcrustaceans) in spring and summer to more evasive preys (i.e.,
decapods and amphibians) in fall and winter might have been due to a
decrease of abundance of less evasive prey. Thus, differences in POO
can also be related to the cost of prey capture.
3.5. Diet dissimilarity and selective feeding
The ANOSIM analysis revealed differences in diet composition
among seasons when considering all demographic groups together
(Table 5). Winter was the most dissimilar season, as indicated by the
highest pairwise comparison R-values, while there was no significant
difference in diet composition in summer and spring. In fact, significant
difference was obtained in all pairwise comparisons with the exception
of the pair summer-spring, when diet composition was more homo-
geneous. SIMPER dissimilarity values ranged from 20 to 30% in all
comparisons, with Diptera and Algae contributing most for dissimilarity
among seasons. Population dynamics of algae and insects have strong
seasonal influence (Zagatto et al., 1997; Keiper et al., 2002), so that
their contribution to dissimilarity was due to their reduced ingestion, as
shown by their lower POO in winter (Table 4).
Diet composition was more similar among demographic groups
(RM, NRM and F) when not separated in seasons, as evidenced by the
ANOSIM analyses (low R-values) (Table 5). This result means there was
no important intrapopulation variation in trophic breadth. When
comparing demographic groups in each season, overall significant dif-
ference in food composition was observed in spring and summer (AN-
OSIM, Table 6). The lack of difference between these two seasons when
comparing all demographic groups together (Table 5) may be explained
by the highest R-values when comparing demographic groups across
seasons. High R-values indicate a more variable diet among
Table 4
Percentage of occurrence (POO) of the food items (%) identified in Procambarus clarkii's stomach separated by demographic group (RM, NRM, F) within season, in a
population from Southeast Brazil. RM- Reproductive male, NRM- Non-reproductive male and F- Female.
Spring Summer Fall Winter
RM NRM F RM NRM F RM NRM F RM NRM F
Detritus 56 56 69 73 64 73 67 73 73 53 73 71
Sediment grains 38 38 36 40 60 64 62 67 56 62 67 71
Plant matter
Algae 64 64 31 40 53 42 67 62 62 33 42 49
Macrophytes 84 82 89 78 89 89 93 93 93 93 91 89
Animal matter
Insecta
Diptera 44 47 24 67 44 62 47 40 42 18 16 11
Ephemeroptera 7 18 20 20 9 18 9 7 2 0 0 0
Coleoptera 16 20 13 27 0 18 9 4 2 11 2 7
Trichoptera 11 7 13 13 4 18 7 9 2 4 0 7
Crustacea
Ostracoda 22 24 29 24 18 27 31 20 40 18 22 31
Cladocera 24 38 40 24 20 27 33 33 33 11 24 16
Amphipoda 29 40 53 40 29 33 44 40 44 40 33 31
Copepoda 11 18 20 31 22 24 47 38 33 22 16 20
Decapoda 4 0 7 9 0 7 18 11 11 31 22 16
Mollusca 9 0 9 7 7 9 13 11 16 18 18 13
Amphibia 9 0 4 9 0 0 16 0 7 31 13 7
Fish 58 16 53 44 7 31 38 9 31 24 31 29
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Table 5
Similarity analysis of food items from the stomachs of Procambarus clarkii in Southeast Brazil. ANOSIM: dissimilarity values (R) and significance level (p) of overall
and pairwise comparison of seasons and demographic groups (RM, NRM, F). SIMPER: dissimilarity values (Dissim.) and the five main items responsible for dis-
similarity (with proportional contribution) among seasons and demographic groups. RM – reproductive males, NRM – non-reproductive males, F – females.
Significant p values are in bold.
Comparison ANOSIM SIMPER
R p Dissim. Food item (contribution%)
1 2 3 4 5
Season
Overall







Winter x Spring 0.74 0.001 29.4 Sediment (12.6) Algae (10.3) Diptera (10.1) Fish
(9.4)
Decapoda (8.2)




Winter x Fall 0.54 0.001 23.3 Dipera (13.6) Algae (12.7) Copepoda (10.1) Cladocera (8.0) Fish
(7.1)
Summer x Spring 0.22 0.034 24.4 Fish (13.4) Algae (12.6) Sediment (11.3) Diptera (11.0) Amphipoda (8.9)
Summer x Fall 0.37 0.008 21.9 Algae (12.2) Diptera (10.1) Fish
(9.7)
Sediment (7.4) Copepoda (7.4)





0.10 0.018 23.7 Diptera (12.3) Fish (10.8) Sediment (9.5) Copepoda (7.0) Amphipoda (6.6)
NRM x RM 0.17 0.029 24.8 Fish (12.7) Diptera (9.8) Algae (9.5) Sediment (9.1) Copepoda (7.65)
NRM x F 0.07 0.304 22.8 Diptera (12.0) Fish (11.7) Algae (11.4) Sediment (10.3) Amphipoda (7.25)




Similarity analysis of food items from the stomachs of Procambarus clarkii in Southeast Brazil separated by season. ANOSIM: dissimilarity values (R) and significance
level (p) of overall and pairwise comparison of demographic groups (RM, NRM F). SIMPER: dissimilarity values and the 5 main items responsible for dissimilarity
(with proportional contribution) among demographic groups. RM – reproductive males, NRM – non-reproductive males, F – females. Significant p values are in bold.
Comparison ANOSIM SIMPER
R p Dissim. Food item (contribution %)
1 2 3 4 5
Spring
Overall




Amphipoda (10.1) Diptera (9.9) Sediment (9.3)
NRM x RM 0.48 0.297 18.9 Fish
(26.8)
Cladocera (8.5) Amphipoda (7.8) Sediment (7.8) Algae
(7.7)
NRM x F 0.93 0.295 20.2 Fish (22.4) Algae
(20.2)
Diptera (13.3) Sediment (10.2) Amphipoda (7.8)
RM x F 0.48 0.299 20.5 Algae (19.9) Amphipoda (14.5) Diptera (11.8) Sediment (9.8) Cladocera (9.0)
Summer
Overall
0.50 0.018 22.0 Fish (13.5) Coleoptera (10.6) Sediment (10.2) Diptera (9.2) Algae
(9.0)
NRM x RM 0.89 0.298 27.1 Fish (16.6) Coleoptera (11.8) Diptera (9.7) Sedimet (8.8) Algae
(8.2)
NRM x F 0.41 0.597 21.8 Fish (14.1) Algae
(11.6)
Diptera (10.5) Coleoptera (10.1) Sediment (8.2)









Ostracoda (10.1) Copepoda (8.6) Algae
(7.5)
NRM x RM 0.30 0.911 17.8 Fish
(16.7)
Copepoda (9.4) Amphibian (9.0) Diptera (8.9) Ostracoda
(8.9)
NRM x F 0.33 0.611 15.9 Fish
(14.9)
Ostracoda (13.6) Diptera (11.8) Sediment (8.7) Algae
(6.1)










0.01 0.306 20.4 Algae
(10.9)
Sediment (10.2) Amphibian (10.0) Decapoda (9.6) Copepoda
(8.2)
NRM x RM 0.20 0.605 20.4 Sediment (11.4) Amphibian (10.8) Copepoda (10.4) Decapoda (9.0) Cladocera
(8.1)
NRM x F −0.33 1.000 18.5 Algae (13.3) Sediment (13.3) Decapoda (10.5) Amphipoda (8.9) Diptera
(8.2)
RM x F 0.26 0.303 22.4 Amphibian (13.6) Algae
(11.6)
Decapoda (9.4) Copepoda (8.7 Amphipoda (7.6)
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demographic groups in that particular season (Table 6), thus diluting
the difference in variability between them (i.e. reduces the seasonality
effect). In most seasons, the item with the highest contribution to both
overall dissimilarity and dissimilarity between non-reproductive (NRM)
and reproductive (RM and F) groups was fish (SIMPER, Table 6). The
highest contribution of this item to dissimilarity among demographic
groups in spring and summer was even more pronounced when con-
sidering seasonal fish POO values for each demographic group
(Table 4). NRM had lower frequencies of stomachs containing fish in
most seasons (9–16%) but winter (31%). On the other hand, F and RM
had higher frequency of this food item (24–58%), with the lowest va-
lues in winter. NRM access fish as a food resource less frequently than
the other two demographic groups, and the frequency of fish ingestion
is more similar among demographic groups during winter.
Diet composition in winter differs from other seasons, but demo-
graphic groups within this season present remarkably similar diet
composition. Hence, winter is the season with the least difference in
food source among demographic groups (lowest R-values, Table 6), and
this homogenization of diet might be due to change in availability of
resources (regarding both abundance and diversity). This homo-
genization is further supported by the lower diet composition diversity
index in winter (Table 3) as well as the lower percentage of individual
items in this season. The lack of fish and Diptera intake seems to induce
an increase in the consumption of other food items that are less frequent
in other seasons, diminishing the individual proportion of each item.
Additionally, the lower difference among demographic groups when all
seasons are considered together (Table 5) might have also been due to
this winter diet homogenization effect, a phenomenon previously ob-
served for freshwater species from the Atlantic rainforest (Deus and
Petrere-Junior, 2003).
The K-means cluster analysis corroborates the dissimilarity analysis
ANOSIM and SIMPER), grouping diet composition of RM, NRM and F in
winter, season in which we observed a diet homogenization effect
(Fig. 8). A second grouping is composed by the diet composition of
NRM in the three seasons remaining which, as discussed, evidences the
difference in feeding behavior of this demographic group when com-
pared to RM and F, with a lower access to animal resources and lower
Shannon-Winner diversity index in all seasons (Table 3). A third cluster
comprises RM and F from spring and summer and a fourth includes RM
and F from fall. This analysis also points to a seasonal effect, separating
the spring-summer group from the fall and winter, thus reinforcing the
contribution of data obtained in winter in the mitigation of seasonal
influence in diet.
3.6. Feeding behavior overview
Overall, we observed that the red swamp crayfish population at JSP
is a voracious, omnivorous, generalist, opportunist and selective con-
sumer. The remarkable voracity is indicated by the high SDF and PEPA
values (Section 3.2). Omnivory was confirmed by the balanced pro-
portion of animal and plant matter found in all stomach and POO from
different sources (Section 3.3). Generalism is indicated by the Shannon-
Winner diversity index and the observed variety of items in all stomachs
(Section 3.4). The opportunistic behavior is corroborated by the cluster
groupings and by the difference of ANOSIM results among seasons, with
a shift in diet composition according to resource availability (Section
3.4). Their selectivity is reinforced by the higher POO values of some
specific items that contribute differently to SIMPER dissimilarity
(Fig. 9) (Section 3.5). Thus, the feeding habits of P. clarkii in Southeast
Brazil are very flexible so the animals appear to adapt to the type of
available resources, according to the optimal foraging theory (Pyke,
1984).
Seasonality did not affect most feeding parameters in this popula-
tion, most likely due to P. clarkii’s adaptability and to the relative sta-
bility of tropical regions, except for a winter homogenization effect in
diet composition dissimilarity (Section 3.5). The low seasonal effect
might be a consequence of the intrinsic characteristics of the Atlantic
Forest environments, in which seasonality is not pronounced and
availability of food resources tend to be more constant than in other
environments (Gomiero and Braga, 2007). Unlike season, a variation
among demographic groups was more pronounced, and NRM seems to
have a slightly different trophic breadth, with: 1- lower access to re-
sources (Section 3.2); 2- lower consumption of animal material (Section
3.3); 3- reduced predation of evasive prey (Section 3.4); and 4- a nar-
rower variability in the animal source ingestion in all seasons but
winter (Section 3.5). This could be a result of the lower competitive
skills and morphological disadvantage of NRM that are usually smaller
than the reproductive males, with lower body conditioning, smaller
chelipeds and less pronounced aggressiveness (Guiasu and Dunham,
1997, 1998).
3.7. Diet, invasion success and potential threats
We believe that the diversified and malleable diet described in this
Fig. 8. Dendrogram of the groups of
Procambarus clarkii created by K-mean Cluster
Analysis when considering dietary composition
of each demographic group (reproductive
males- RM, non-reproductive males- NRM and
females- F) of each season, separately. Clusters
grouping demographic groups within the
season are marked in blue (winter), green
(spring), yellow (summer) and orange (fall)
while the cluster grouping NRM of different
seasons in presented in gray. (For interpreta-
tion of the references to colour in this figure
legend, the reader is referred to the web version
of this article).
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investigation is the main feature that facilitates population establish-
ment and range expansion. Procambarus clarkii from JSP demonstrated
a remarkable dietary variability, consuming large quantities of animal
and plant matter of different biological groups. Additionally, the red
swamp crayfish has a notable capability of learning how to feed on
unfamiliar prey and maximizing their capture rates (Ramalho and
Anastácio, 2011), which confers to them a rapid adaptation to new
environments and optimization of resource use. These characteristics
are considered crucial to invasion success, removing or decreasing re-
source availability as an obstacle to establishment and population
growth (Olsson et al., 2009; Zhang et al., 2010).
The remarkable voracity summed to its opportunistic, diverse and
flexible diet confer a high potential impact of this species, with ample
implications for the structure and functioning of invaded communities
(Stenroth and Nyström, 2003; Gozlan et al., 2010). The impact of an
invader increases with diet flexibility, which relates to the proportion of
the local community (mainly native) that will be affected by its pre-
sence (Shea and Chesson, 2002). Its polytrophic feeding habit increases
the potential impact of this invasive crayfish directly by enabling pre-
dation of different organisms and indirectly by competition due to diet
overlap, especially with other crustaceans and with fish, and alteration
of the energy flow in invaded environments (Lodge et al., 1994; Usio
and Townsend, 2004).
POO of detritus and macrophytes in stomachs was high in all sea-
sons and for all demographic groups. Detritivory and herbivory can lead
to profound changes in invaded environments through alterations on
the processing of organic carbon and modifications of the littoral zone
(Dorn and Wojdak, 2004) through changes in macrophytes composition
and abundance (Rodríguez et al., 2003). These changes in the plant
community also affect indirectly animal assemblages by decreasing
refuge availability and increasing their predation rate, not only by P.
clarkii, but also by other species (Nishijima et al., 2017). Also, the oc-
currence of P. clarkii in freshwater habitats has already been associated
with the decline in macrophytes abundance and diversity (Chucholl,
2013; Gherardi and Acquistapace, 2007). The high feeding pressure on
macrophytes may reduce aquatic plants responsible for the main-
tenance of clear water and induce a shift to phytoplankton dominated
turbid areas (Rodríguez et al., 2003; Geiger et al., 2005).
Crayfish establishment and abundance might influence the diversity
and abundance of a great variety of freshwater invertebrates, favoring
some while damaging many other. Nyström et al. (1996) demonstrated
the association of crayfish abundance on invertebrate biomass and di-
versity, especially for herbivorous and detritivorous species, but also for
some predator groups. Abrahamsson (1966) observed that the most
threatened species are those with weak escape responses, thus ponds
with dense crayfish population might have a predominance of active
invertebrate species. Despite the direct impact in species richness and
abundance through predation, the reduction of grazers can increase
algal biomass, leading to eutrophication, and resource depletion to
carnivore predators (Flecker and Townsend, 1994). The predation on
benthic macroinvertebrates might slow down detrital decomposition
(Wallace and Webster, 1996) and reduce the availability of these groups
for both aquatic and terrestrial vertebrate consumers (e.g., fishes, tur-
tles, and birds).
Regarding vertebrate prey, the most common groups in the diet of P.
clarkii are amphibians and fish. The predation on amphibians is related
to changes in tadpoles’ behavior, as demonstrated by Almeida et al.
(2011) and by Nunes et al. (2014). Their presence is negatively related
to the reproductive success of salamanders, frogs and toads (Cruz et al.,
2006; Ficetola et al., 2011), contributing to the decline of these popu-
lations. Furthermore, injuries and tail loss of tadpoles caused by cray-
fish are common and may decrease their survival (Nunes et al., 2010;
Arribas et al.;, 2014). The high frequency of fish in stomachs found in
this study indicates the great impact of P. clarkii in fish species through
direct predation. However, fish are also recorded to feed on crayfish
and their presence in freshwater bodies can generate bidirectional
trophic interactions (Anastácio et al., 2011). In addition to the direct
impact on fish caused by predation, crayfish are also indirectly asso-
ciated to the decline of fish populations by competition (Light, 2005)
and reduction of macrophytes, which provide shelter to juvenile fish
(Rubin and Svensson, 1993).
This study is a pioneer investigation regarding the red swamp
crayfish trophodynamics in Brazil and its possible threats to Brazilian
aquatic ecosystems. Our results strongly suggest that the trophic
Fig. 9. Schematic overview of the feeding ecology of Procambarus clarkii at Jaraguá State Park, Southeast Brazil. Feeding behavior characterization, indicator or
analysis used for each definition and corresponding potential outcomes of these features are used to explain the species’ current distribution and ecological impacts.
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interaction caused by P. clarkii might have severe impacts. Recently,
Loureiro et al. (2018) estimated the population located at JSP to be
around 3500 individuals. The mean weight of the stomach contents of
the animals analyzed in this study is 0.3 g. Multiplying the mean weight
of contents consumed by P. clarkii by the estimated number of in-
dividuals, we have an approximation of 1 kg of material consumed per
day by this population. Within a year, this would represent well over
380 kg of consumed material, since very young juveniles were not in-
cluded in this estimation. Therefore, the impact on biomass production
and changes in the dynamics of invaded environments must not be
ignored.
The nonexistence of a period of resource scarcity, probably due to
the remarkable capability of diet shifting and high diversity of items
consumed, complicates the design of a robust management strategy.
Nonetheless, winter was the only season in which demographic groups
had a more homogeneous diet, consumed a smaller variety of animal
sources and presented a more significantly similar diet composition
(Table 5). It was also during winter that we observed a lower frequency
of full stomachs (Table 1). Hence, the winter seems to be the most
unfavorable and challenging season for these animals, and therefore
efforts for population control and animal removal should be focused in
this season in order to improve population management results
The trophic interactions of P. clarkii in the Atlantic rainforest are
wide and intense; they are able to alter food web and, consequently,
community structure, causing an unpredictable trophic cascade in in-
vaded environments. The Gause’s principle of competitive exclusion
brings light to this topic, predicting the unequal resource partitioning
and limiting species coexistence (MacArthur, 1965).
Aquatic ecosystems are especially vulnerable to ecological mod-
ifications resulting in trophic cascade when a top predator has an in-
direct interference in one or more species at the bottom of the food
chain, and the biomass of primary producers is modified (Pace and
Carpenter, 1999). The consumption of food resources from the littoral,
benthic and pelagic zones can alter the whole-lake food web and
functioning since each lake zone supports a different biological com-
munity (Schindler et al., 2001). In addition to the modifications in the
freshwater ecosystem itself, P. clarkii may affect other groups of the
surrounding terrestrial biota, such as piscivorous birds, mammals and
insects (Epanchin et al., 2010; Ricciardi and MacIsaac, 2010).
4. Final remarks
Freshwater species distribution is shaped by the interactions among
animal habits, habitat physical conditions and resources availability
(including food) (Merritt and Cummins, 1984). For introduced species,
this synergy of variables is also determinant, separating purely exotic
species from those that really became invasive. When the recipient
environment has available niche opportunities for introduced species,
i.e. resources are not fully used, they have higher chances to become
invaders. Knowledge on their insertion in this vacant niche will help to
understand their impact in the trophic net and on environmental
functioning.
Several issues concerning P. clarkii’s ecology at JSP have been ad-
dressed in this study, but some observed traits such as the small body
size and low weight of individuals captured in this study must be fur-
ther explored. Based on the size distribution histogram and on the fact
that larger females are less frequently captured due to intense shel-
tering behavior, the non-normal distribution of females’ size with a low
frequency of larger animals suggests that the average population size
might be higher than estimated by the mean in this study. The ecolo-
gical and evolutionary importance of body size to an organism and its
relation to potential for resource exploitation and susceptibility to
natural enemies has been well established (Anichini et al., 2018;
Unglaub et al., 2018), so this feature might bring crucial information
regarding invasive status and management.
The population examined in this study, as all known Brazilian
populations of the invasive P. clarkii, is located in an Atlantic Forest
conservation area, an endangered ecosystem with high biodiversity and
endemism (Da fonseca, 1985; Myers et al., 2000). Indeed, JSP houses
many native plants and animals as well as endangered and endemic
species, e.g. Aegla jaragua Moraes et al. (2016), a critically endangered
freshwater anomuran that only occurs in this location, according to
IUCN criteria (Moraes et al., 2016). Therefore, the presence of P. clarkii
in this location may cause the extinction of several endemic species.
Trophic ecology and interactions among species affect the dynamics
and productivity of ecosystems, especially when an invasive species
colonizes a new habitat and is capable of changing and redefining
feeding interactions in a remarkable way as we have demonstrated that
P. clarkii is. Freshwater habitats are exceptionally susceptible to en-
vironmental change, and exhibit marked ecological gradients.
Predicting the role and impact of P. clarkii in aquatic food webs is
certainly challenging since they may occupy multiple trophic positions,
consuming a great variety of food resources and presenting flexible
feeding behavior.
We have evidenced the role of foraging behavior and voracity in the
invasion success of this crayfish that is able to use different food sources
according to availability, and the inexistence of a season or a demo-
graphic group in which individuals are submitted to any major resource
constraints. We suggest that population management should be focused
in the winter since animals are more vulnerable as shown by the slightly
less full with lower diversity of food items. The wide diet composition
and voracity also provide insights to the major impacts associated to
this species’ establishment, with macrophytes, crustaceans, insects and
fish being the most vulnerable groups. Thus, it is of paramount im-
portance to avoid further introductions and to contain the range ex-
pansion of established populations.
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